Purpose: Validating deformable multimodality image registrations is challenging due to intrinsic differences in signal characteristics and their spatial intensity distributions. Evaluating multimodality registrations using these spatial intensity distributions is also complicated by the fact that these metrics are often employed in the registration optimization process. This work evaluates rigid and deformable image registrations of the prostate in between diagnostic-MRI and radiation treatment planning-CT by utilizing a planning-MRI after fiducial marker placement as a surrogate. The surrogate allows for the direct quantitative analysis that can be difficult in the multimodality domain.
techniques in an attempt to overcome the limitations of rigid registrations. 2, 3 DIR in the prostate is inherently challenging due to a variety of factors including significant variation in anatomy due to variability in rectal and bladder filling, differences in patient positioning, and incomplete knowledge and modeling of how these tissues deform over time and motion. Specifically regarding MRI to CT deformation in prostate, there are significant differences in the properties of MRI and CT imaging datasets. 2, 4 For DIRs, several strategies have been developed to characterize and quantify DIR algorithms. 3, 5, 6 This is an area of active development but several tools exist to characterize and validate DIRs, which include physical phantoms, 7, 8 digital phantoms, 9, 10 and anatomical landmarks for validation. 11, 12 In the multimodality DIR setting, fewer validation strategies exist and creating them is even more challenging. Presented here is a novel method for evaluation of multimodal- 
2.C | Registration methods
Rigid registrations were performed from the diagnostic-MRI (moving)
to the planning-CT and from the planning-MRI (moving) to the planning-CT, as shown in Fig 
2.D | Registration evaluation and statistics
The T2-weighted acquisition from the planning-MRI study was employed as the surrogate for the planning-CT for analysis of both T A B L E 1 Summary of patient information (left) and discrepancy (mm) of fiducial alignment between planning-MRI and planning-CT (right). combined), and the expanded structure (the combined structure expanded by 5 mm). The combined and expanded structures were included for determination of regional registration quality.
| RESULTS
Alignment of planning-MRI to planning-CT was confirmed to be submillimeter by measuring the residual error of fiducial location between the planning-MRI and the planning-CT. This important result demonstrates that the planning-MRI may be used as a surrogate for the planning-CT when evaluating the diagnostic-MRI to planning-CT deformable registration. The average residual error after fiducial registration was 0.78 mm AE 0.60 mm for the 13 patients, full results are shown in Table 1 .
Consistent findings were made across all comparisons with the DIRs demonstrating substantial improvements over rigid registrations. This difference was significant across all structures studied in 11 out of 13 patients utilizing both NMI and Pearson correlations. Utilizing the NMI, the DIRs were superior to the rigid registrations demonstrating a 27.37% improvement (P-value 0.009) within the expanded area, similar findings were found with the
Pearson correlation. Figure 3 shows an example of the conformity of the anatomy between the planning-CT and the deformed MRI.
The penile bulb had the largest improvement with the DIR resulting in gains in 12 of 13 patients when using the NMI metric, 
| DISCUSSION
CT to CT DIRs are increasingly being relied upon to map crucial information between datasets. The ability to extend these DIRs into the multimodality setting would be enthusiastically received by the radiation oncology community, if it can be done with accuracy and confidence. Currently, MRI is heavily utilized to aid in the contouring of target and OAR volumes on planning CT studies. 1, 4 Increasing the precision of MRI to CT registrations with DIR techniques will improve contouring which may result in better target coverage and/ or OAR sparing. 2 A novel and currently actively researched application that would greatly benefit from accurate MRI to CT deformable registrations is mapping of prostate subvolumes identified utilizing mpMRI as the dominant lesion/s to be used as radiation boost targets, as shown in Fig. 4 . 14, 18 MRI to CT deformable registration is an attractive way to link these areas between image sets.
The characterization of multimodality rigid and DIRs in this study rely on the planning-MRI's ability to act as a surrogate for the planning-CT, thus allowing MRI to MRI comparisons to be made. Due to the fiducials being visible on both datasets, the short time between the two acquisitions, the bowel and bladder preparation and the reproducible positioning of the patient, the registration between the planning-MRI and planning-CT is of exceptional quality; less than 1 mm on average, this is demonstrated in Table 1 and Fig. 2 . This attention to bowel and bladder preparation may be why no correlation was found between a change in bladder/rectal volume between diagnostic and planning acquisitions and registration performance.
By review of the registrations and by the correlative metrics determined by the study, both rigid and DIRs were of high quality.
The DIRs resulted in higher correlation metrics than the rigid registrations, but the rigid registrations were also well-matched likely due to the focus on reproducible patient setup. For the rigid registra- Physician defined dominant lesion has been transferred to the CT using a rigid registration (blue) and a deformable registration (yellow). Note how the contour transferred using the DIR follows the anatomy of the CT scan more closely than the rigidly transferred contour.
other body sites may also benefit from this approach. Specifically, sites where MRI is often incorporated into the treatment planning process and where rigid registrations are frequently suboptimal;
abdomen, head and neck, brain pre/postsurgery, etc.
The DIR validation technique described in this manuscript has several unique attributes. The data employed were collected from protocol patients and do not use simulated images or images of artificial materials. This has the benefit of testing the DIR algorithm using images collected on humans using the equipment present in the clinic, thus reflecting the clinic workflow. Another advantage is that none of the datasets are simulated or altered prior to DIR, thus eliminating any potential issues of utilizing artificial materials or simulated data. One challenge with this validation technique is that it lacks a known DVF to compare the resulting deformable registration to and instead relies on correlations between datasets. While a known DVF is a robust solution, the correlation metrics implemented here share the ability to evaluate registration accuracy across any region that is defined by the user, albeit not pixel by pixel. The emergence of multimodality image deformable registrations holds great promise and will facilitate a more seamless integration of MRI and other imaging modalities into the RT planning process among other applications outside of radiation oncology.
In order for multimodality DIRs to be widely adopted, robust validation of these algorithms is necessary. This unique method of validation of multimodality registration utilizing a planning-MRI as a surrogate complements existing validation methods. Inc., which created the deformable algorithm used in this work. Jon
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